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a b s t r a c t
VOx/SBA-15 catalysts with five different vanadium loadings were prepared by a modified wet impregna-
tion method, characterized using N2 adsorption, XRD, EDX, SEM, Raman and UV–vis spectroscopies and
H2-TPR techniques, and tested in the oxidative dehydrogenation of propane in the temperature range
450–600 ◦C. For all the catalysts the propane conversion increases with both reaction temperature andline xxx
ehydrogenation
anadia catalysts
vanadium loading, while the selectivity for propene decreases mainly to the benefit of carbon oxides.
Several types of VOx species coexist on the catalyst surface, with monomeric and low-polymerized ones
leading mainly to propene, while V2O5 crystallites at high vanadium loadings producing more carbon
oxides. Propene was determined to be the only primary product irrespective of the vanadium content.
© 2016 Elsevier B.V. All rights reserved.
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nd synthetic fuels, has triggered the development of
ive and environmentally friendly ways of their production.
r price of alkanes compared to the corresponding alkenes
eir use as feedstock in the chemical and petrochemical
very attractive [1–3]. However, the current alkanes con-
echnology, based on the dehydrogenation process, has
isadvantages, such as high endothermicity, unfavorable
m shift and difficult control of cracking side reactions at
eratures, which contribute to the rapid coking of the cata-
]. Therefore, the alternative conversion route consisting in
tive dehydrogenation (ODH) process becomes promising
ineering and economic points of view by overcoming all
wbacks [1,5–7]. The main problem remains avoiding side
leading to oxygen-containing organic molecules and car-
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[1,8,9]. Early attempts to use other oxidants (i.e. iodine)
ndoned due to corrosion and environmental problems
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© 2016 Elsevier B.V. All rights reserved.the oxidant [1]. Recently, N2O was also used as oxidation
DH reactions with interesting results [10,11].
catalysts have been tested for the ODH reaction, but
d vanadia and molybdena proved to be the most active
tive ones [12]. In both cases, the most selective cata-
tain well-dispersed vanadium or molybdenum species
support surface, at near monolayer coverage, which is
V nm−2 for polyvanadate [13] and about 4.8 Mo nm−2
olybdate; however, vanadia has higher ODH activ-
molybdena at equivalent dispersion [6]. Notably, much
ues corresponding to the monolayer coverage were more
proposed for catalysts supported on silica (0.7 V nm−2)
ined by the lower density and reactivity of silica surface
groups [8]. Vanadium oxide catalysts supported on var-
es, such as SiO2, Al2O3, TiO2, Nb2O5, MgO, La2O3, Sm2O3
3, to mention some of them, have been extensively stud-
4,15]. Their catalytic performance in the ODH of alkanes
on the nature of the support (which, in turn, is partly
le for the vanadium reducibility and dispersion), the
loading and the preparation conditions, which influence
e and structure of the VOx surface species [5,15]. More-
acid-base character of the support affects the catalytic
nce [15]. It has been found that in the ODH of propane the
ctive catalysts were obtained with vanadium supportedenation over VOx/SBA-15 catalysts, Catal. Today (2016),
rather than on acidic metal oxides. It has also been found
species with V in octahedral and tetrahedral positions are
e ones, the tetrahedral being less active but more selec-
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higher the concentration of VO2+ and V2O5 species the
he selectivity to propene [16]. The presence of polymer-
dium species and bulk V2O5 is detrimental to the activity
talyst as well, as less vanadium atoms are accessible to
ne molecules. In order to minimize the formation of V2O5
s responsible for the formation of COx, oxide supports
 surface area and lower reducibility than vanadia are used
he support plays an important role in the dispersion of the
ase, on the accessibility, reactivity and acidity of the active
 also on the mass/heat transfer phenomena [18]. Combin-
xtural and acid-base properties of the support with the
perties of the vanadia species makes it easier to activate
t lower temperatures [19].
supported vanadia catalysts were reported to be active in
DH [5] and, in order to increase the propene yields, meso-
liceous materials such as MCM-41, MCM-48, mesocellular
CF) and SBA-15 were used as supports [5,20,21]. SBA-15 is
rous silica, characterized by large surface area and formed
gonal array of uniform tubular channels, with tunable pore
s in the range of 5–30 nm and very narrow pore-size dis-
 [22,23]. It has been used as support for catalysts in the
utanes [24,25], ethane [26], ethylbenzene [11], as well as
nol oxidation [23,27].
ne ODH on vanadia supported on mesoporous SBA-15 has
ied by several groups [17,22]. However, since both sil-
anadia possess acidic character, it is very challenging to
atalysts with high dispersion at high loadings. Therefore,
ration method and conditions should be carefully chosen.
he preparation methods used so far are: alcoholic impreg-
0,22], wet impregnation [17,24,28], mechanical mixing
ct synthesis [18,29], adsorption [22] and grafting-ion
 [27,30,31]. Although superior performances of the meso-
Ox/SBA-15 catalysts have already been reported [22], a
ntal understanding of their behavior towards the propane
ains to be accomplished.
im of this paper is to investigate further the catalytic
f the SBA-15-supported vanadia catalysts and to gain a
sight into their structure-activity relationship. In order to
sh these goals, a series of VOx/SBA-15 catalysts, with vana-
dings between 6.5 and 11 wt%, were prepared using an
 impregnation method and their detailed characterization
orption, SEM/EDX, XRD, H2-TPR, Raman and UV–vis spec-
s as well as their catalytic performance in the oxidative
enation of propane have been performed.
imental
ort preparation
neral experimental procedure followed in the preparation
 mesoporous silica was described in detail by Zhao et al.
ever, this procedure was modified and the preparation
s, such as the amount of P123, type of acid and aging time,
imized through experiments. The optimized procedure is
 below.
luronic 123 triblock copolymer (EO20-PO70-EO20, P123,
drich) was dissolved into 120 g of deionised (DI) water at
er vigorous stirring for 6 h. Then 20 ml  of 2 M HCl (Fisher
) was added to the clear solution and after 10 min, 9.25 g
(Tetraethylorthosilicate, Sigma-Aldrich) was  introduced
, the solution being kept under vigorous stirring at 40 ◦C
for  6
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 white precipitate was formed which was  kept in an oil
5 ◦C for 24 h, without stirring, then filtered, washed with
 deionised water and dried at 60 ◦C for 24 h. The white
as then calcined at 550 ◦C, under steady-state conditions,
performe
lytical, UK
packed m
heated atESS
6) xxx–xxx
 a heating rate of 10 ◦C min−1. After calcination, the sam-
ooled down to 60 ◦C at a cooling rate of 10 ◦C min−1 and
 a round bottom flask with a short condenser inside to
rated by using 50 g of DI water. The suspension was  then
 an oil bath at 105 ◦C and left boiling under a gentle stir-
r 2 h, the suspension was  filtered and 2 g of SBA-15 sample
ected by filtration and dried a 120 ◦C for 6 h.
lyst preparation
BA-15-supported vanadia samples were prepared by wet
tion. A solution of ammonium vanadate, NH4VO3 (Sigma-
was contacted with the SBA-15 support, under stirring, at
 for 2 h, to achieve a final V content of 6.5–11.0 wt%. The
duct was  recovered by filtering and then dried in vacuum,
, for 1 h, followed by calcination in air at 600 ◦C, for 5 h, at a
ate of 5 ◦C min−1. The impregnated samples were labelled
ere x denotes the wt% of V.
lysts characterization
xtural characterization was performed using the nitrogen
n/desorption method, with a Micromeritics ASAP 2010
c equipment. The surface areas were calculated using the
od in the relative pressure, P/P0, region 0.065–0.2, while
sizes were determined by the BJH method from the nitro-
rption branch. Prior to nitrogen adsorption, the samples
assed at 150 ◦C for 10 h.
ing Electron Microscopy (SEM) accompanied by X-ray
spersion analysis (EDX) was  used to monitor the morphol-
surface composition of the catalysts samples. SEM/EDX
ion was  performed using a Hitachi S-4500 field emission
pe with a Quartz PCI XOne SSD X-ray analyser.
tain information on both, the mesoporous structure and
alline structure of the SBA-15-supported vanadia cata-
ll- and wide-angle X-ray diffraction (XRD) patterns were
 on a Bruker D8 (25 kV, 20 mA)  powder X-ray diffractome-
 Cu K radiation ( = 0.15406 nm), a tube voltage of 40 kV,
rent of 20 mA.  The data were collected from 0.5 to 4◦ (2)
solution step size of 0.01◦ (small-angle XRD patterns) and
o 70◦ (2) with a resolution step size of 0.02◦ (conventional
le XRD patterns).
pe of V species formed on the surface of the SBA-15
ied with Raman spectroscopy. The Raman spectra were
 with a Raman Microscope Spectrometer Horiba Jobin
bram HR UV–vis-NIR, between 100 and 1200 cm−1, using
 wavelength for excitation. Before recording the spectra,
rometer was calibrated using the Raman band at 520 cm−1
ard SiO2 sample.
V–VIS spectra were recorded using a UV3600 UV–vis
hotometer with Shimadzu ISR-3100 integrating sphere
nt having an angle of incident light of 0–8◦, two  light
D2 (deuterium) lamp for the ultraviolet range and WI
) lamp for the visible range and a PMT (photomulti-
e) detector. The spectra were recorded in the range of
 nm (the switching wavelength of the lamps is between
nd 393 nm)  with a wavelength step of 2 nm, having the slit
8 nm.  The spectra were measured using samples diluted
a pure barium sulfate (Nacalai Tesque).
ducibility of the catalysts was studied by temperature pro-
 reduction under hydrogen (H2-TPR). Experiments wereenation over VOx/SBA-15 catalysts, Catal. Today (2016),
d using a CATLAB microreactor – MS  system (Hiden Ana-
) under a flow of 5% H2/Ar mixture through the CATLAB’s
icro-reactor containing about 35 mg  of sample, which was
 a constant rate of 20 ◦C min−1 up to 850 ◦C. The system
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tained for 1 h at 850 ◦C under H2/Ar flow to complete the
.
lytic tests
talytic ODH of propane was carried out in a fixed bed
be down-flow reactor with an internal diameter of 15 mm,
usly described [33]. The catalyst bed (0.1 g) was supported
 wool, while the dead volumes before and after the cata-
ere filled with quartz chips in order to minimize potential
eous reactions at higher temperatures [1]. The axial tem-
profile was measured using an electronic thermometer
 a thermowell centered in the catalyst bed. The propane –
re (with propane-to-oxygen molar ratios between 1 and
d into the reactor with a space velocity between 1000
 ml  (min gcat)−1. Catalytic reactions were performed at
ric pressure in the temperature range from 450 to 600 ◦C.
pical reaction run, the reactor was heated to the desired
ure in a reactants’ flow, and then allowed to stabilize for
e the first analysis was made. Each run was carried out
riod of 2–3 h, until two consecutive measurements were
 The reaction products were analyzed with a ThermoQuest
s Chromatograph equipped with a thermal conductivity
TCD) using a CTR I column, and a flame ionization detector
g an alumina column. The presence of oxygenates was
n a ThermoFinnigan Gas Chromatograph equipped with
nization detector (FID) using a DB-5 column.
ajor products observed under our reaction conditions
pene, CO, CO2 and cracking products (methane and ethy-
h trace amounts of oxygenates (acrolein, acetaldehyde).
 were not considered for calculating the catalytic perfor-
s the carbon balance based on the major products was
s higher than 97%. Conversion of propane and product
ies were expressed as mol% on a carbon atom basis.
s and discussion
lysts characterization
e samples showed adsorption-desorption isotherms
f type IV, typical for mesoporous materials, with H1
s loops characteristic to well-defined, relatively uniform
l pores, with a narrow size distribution. The amount of
 nitrogen was significantly higher for the SBA-15 support
the V-containing samples. Regarding the latter samples,
ilar for the lower three V loadings, then decreased for
and 11V samples. The SBA-15 sample has narrow and
pores with maxima at about 5.9 and 7.1 nm,  while for
taining samples the pore distributions become unimodal,
verage pore diameter of 6.3–6.4 nm (Fig. S1). This suggests
osition blocked the low-size pores of the SBA-15 support,
th the significantly lower surface area of the V-containing
(Table 1). On the other hand, there were no significant
of the average pore diameter among the V-containing
Table 1) suggesting a well and uniform deposition of vana-
cies onto the SBA-15 walls.
M images (Fig. S2) show the surface morphology of the
amples. They all have the same fiber-like morphology of
15 support, with primary particles coupled along their
d having a width of ca. 5 m,  proving that no morpho-
anges were produced by V deposition.
Fig. 1
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emical composition, estimated by EDX, and textural prop-
the prepared catalysts are presented in Table 1. Both the
ea (793 m2 g−1) and the pore volume (0.85 cm3 g−1) of the
upport were higher than those of the V-containing sys-
paramete
more det
Fig. 2 
ples, withll-angle diffractograms of the SBA-15 support and VOx/SBA-15 catalyst
ecrease in the BET surface areas (from 502 to 419 m2 g−1)
 volumes (from 0.82 to 0.69 cm3 g−1) is observed as the V
ncreases. Changes in textural parameters upon vanadium
tion are often reported in the literature, attributed to VOx
ntering the support pores or to a partial destruction of the
rk [9,17]. These changes could also be due, at least partly,
atment in water of SBA-15 material during the impregna-
ess, as previously reported by Galarneau et al. [34]. For our
it can be concluded that well-organized mesoporous V-
g SBA-15 catalysts with a high surface area were obtained
oadings.
Ox surface density, defined as the number of vanadium
r square nanometer of the catalyst, was  calculated, the
tained being tabulated in Table 1. It provides a convenientenation over VOx/SBA-15 catalysts, Catal. Today (2016),
r for comparing catalysts with different surface areas. A
ailed discussion of the results will follow.
shows the small-angle XRD patterns of the calcined sam-
 three resolved peaks at 0.88, 1.54 and 1.75◦ 2, attributed
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Table  1
The  chemical composition and textural properties of the SBA-15 support and VOx/SBA-15 catalysts.
Sample V loading BET surface area Average pore diameter Total pore volume V density
(wt%) (m2 g−1) (nm) (cm3 g−1) (nm−2)
SBA-15 – 793 5.9 and 7.1 0.85 –
6.5V  6.6 502 6.4 0.82 1.6
7.5V  7.4 487 6.4 0.81 1.8
9V  8.9 480 6.3 0.81 2.2
10V  10.2 468 6.4 0.76 2.6
11V  10.9 419 6.3 0.69 3.1
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e indexed).
00), (110) and (200) reflections, respectively, features of
ith hexagonal symmetry [24,25]. As the vanadium load-
ses, the intensity of the (100) peak weakens. This can be
e partial blocking of the SBA-15 mesopores and decline
ange order of hexagonally arranged porosity [24] or, to
sition of vanadia onto the pore walls, as vanadium has a
sorption factor for X-rays than silicon [35]. However, all
ks are visible at all V loadings, showing that the SBA-15
 is retained upon vanadium impregnation.
shows the wide-angle diffractograms. It can be observed
samples have a broad peak centered at ca. 13.5◦ 2,
d to the amorphous SBA-15 support. The presence of
n peaks at higher 2 angles indicates the presence of V2O5
s (PDF 03-65-0131; characteristic peaks at ca. 15.5, 20, 22,
◦ 2) [36,37]. The most intense of them (2 = 20 and 26◦)
y be observed in the 6.5V sample, accounting for the high
n of the vanadia species, likely as mono- and polyvana-
ies. As the vanadium loading increases, the V2O5 peaks
ore intense. From the practical point of view, a mono-
face coverage for the 6.5V sample can be considered, as
 to the point when vanadia species start to condense to
talline oxide-like species as shown by XRD results for the
ith higher V content. From the theoretical point of view,
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layer (a bidimensional surface vanadium oxide overlayer
pport [14]) was defined as the need for 4.98 × 1014 V2O5
m−2 to completely cover the surface of the support [38],
 wt% V2O5 per m2 of surface [39]. Monolayer surface cov-
presente
the V-con
vanadium
shows bag. 4. Raman spectra of bare SBA-15 and VOx/SBA-15 samples.
he surface vanadia on oxide supports has been estimated
ctural and experimental determinations. From the V O
gths of crystalline V2O5, monolayer coverage is estimated
nm−2 for a bidimensional polyvanadate layer and at 2.5
2 for isolated monomeric vanadia units. Monolayer sur-
rage determined from Raman spectroscopy was  found to
 VOx nm−2 for different oxide supports (Al2O3, TiO2, ZrO2,
d CeO2) with the exception of silica-supported vanadia,
hibited a maximum surface coverage of only 0.7 VOx nm−2
eferences therein]. Other studies found 1.1 VOx nm−2 for
er coverage on silica [5,9], attributed to the weak interac-
een the vanadium oxide and the support, leading to a poor
n of the precursor salt [5,14]. This is an expected result, as
5 and SBA-15 have an acidic character. It has been reported
ispersion of the vanadium oxide as well as its structure
derstood on the basis of the different acid-base character
ferent supports. The acidity of the metal oxide is related to
 which the surface possesses zero surface charge (point of
ge, PZC, or isoelectric point, IE). IE of V2O5 was measured
], while for SBA-15 it was  4.2 [41]. A weaker interaction
adium oxide with another acidic oxide, SBA-15 here, will
e agglomeration of the VOx units to form V2O5.
 study a monolayer coverage on SBA-15 can be approx-
 be 1.6 VOx nm−2. To the best of our knowledge, this is
st monolayer coverage of vanadia on SBA-15 reported so
eason for this higher coverage can be explained by the fact
upport was  re-hydrated before impregnation, which led
r dispersion of the surface species.
n spectroscopy has a higher sensitivity to the presence of
e species than XRD [9]. The Raman spectrum of the SBA-15,enation over VOx/SBA-15 catalysts, Catal. Today (2016),
d in Fig. 4, exhibits no characteristic bands, while those of
taining samples show bands corresponding to different
 species present on the surface. Thus, the 6.5V catalyst
nds at ca. 1036 cm−1 attributed to the symmetric stretch-
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Table  2
Propane conversion and product selectivity values in the ODH of propane. Propane-to-oxygen mol  ratio = 2:1, space velocity = 1500 ml  (gcat min)−1.
Catalyst sample Temperature (◦C) Propane conversion (%) Selectivities (%) Eacta(kJ mol−1)
Propene Cracking COx
6.5V 450 0.5 87 1 12 158
500  2.8 80 2 18
550  12.1 68 3 29
600  16.3 66 5 29
7.5V  450 0.6 84 1 15 152
500  3.9 74 1 25
550  12.9 64 2 34
600  17.5 62 3 35
9V 450  0.8 83 1 16 141
500  5.1 72 2 26
550  13.7 59 5 36
600  18.5 57 7 36
10V  450 1.1 73 1 26 130
500  6.0 65 1 34
550  14.9 44 2 54
600  19.6 41 5 54
11V  450 1.5 71 1 28 119
500  6.8 58 1 41
550  16.3 39 2 59
600  21.6 38 4 58
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